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I. Similarity Criteria for Chemical Processes

The design of reactors for use with chemical pro-
cesses requires usually a conbined examination of the fol- =
lowing system of differential equations set up for an in-
firitesimally small reactor element: 1) nmaterial balance
equation; 2) energy balance equation; %) fundamental
equation of hydrodyramics or equation of motion; 4) kin-
etic equation of the reaction; and 5) equeticns associated .
with the determirnation of homologous conditions.

Even in the absence of chemical reactions it is not
usually possible to arrive at an aralytic solution to a
system of these equations, hence in such cases the prin-
ciple of similarity finds broad application. ‘




The avrlication of the principle of eimilarity to
chewicsl processes requires joint exarination of & system
of 811 the differentisl equations enumerated above, sup-
plerented by teras which take into esccount the preserce of
point sources of enerey and niass, which ccneideradbly com-
plicates the problem. The conplexity reeides in the fact
that in the usual case it is not poscible to satisfy sim-
ultenecusly the bysrodynemic, therral, diffusion, end the
purely chemical sirilesrities of the processes existing in
apparatus of various scales.

Tt is characteristic of chemicel processes that one
gystem cannot be nodeled upon another, as this cen be done
for physical processes. .

Trus, in the case of hydrodynanic similarity, if we
can preserve the conctancy of the Re criterion in the model
and in the prototype by replacing one systen by arother,
this we are not able to echieve in the instence of chemical
similarity, since e chemical reaction of & ¢given group of
compounds canrot in the general case be reproduced with
the compounds of another groub. _

Ac a consequence of thie end other difficulties,
the principle of similarity et the present time is relative~
1y rerely employed for modeling chemical processes. How=
ever, it has found quite wide usefulness in enriching ex-
perimental data of quite diversified processes (1).

As & result of similsr transforuations of the sys-
tem of differentisl equetions, the following criteria for
cherical similerity have been obtsined (g;ggz o

DamkShler Criterion I

' Ut ‘ l
Day = .
8y o (1)

where U = reaction rate in kg mole/(m5)(hour); 1 = linear
~dimension in the flow direction in m; w = linear velocity
of the flow in m/hour; and c = reactent corcentration in

ke mole/mﬁ. : o :
Gince 1/w charscterizes the residence time of the
flow ir the resctor, then the ration ¢c/U will represent .,
tre duration of the reaction proceeding at constent veloc~ . -
ityn : ’ o ‘:
Consequently, the DaI criterion can be regarded as

the ratio of the residence time in the resctor to the
duration time of the reaction at cor.stant velocity until
the resctant is completely consumed. It is natural that
the DaI eriterion mey be treated also es the ratio of the

2
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reaction rate to the flow velocity, expressed in the same
units /See Note/ or as the ratio of the concentrations of
the reacting substance to the concentration brought into
the ‘flow, or, of course, as the ratio of the sctual length
of the reactor to the length of the reactor that is neces-
sary for the full completion of ‘the reaction at constant
velocity. o

4..‘, “

Dank hler Criterion II
x e ~-.?m.,\.r'.‘-f‘;;-’w: 3 ‘ R

where D = coefficient of moleoular diffusion inm /hour.
..+ /Note: The criterion W = w
involves the reaction rate U expfesged in units of the

flow velocity or, for a flrst—order reaction, in the form
of the rate constant; as follows from the deternination _
of the Da§ criterion, the Matz criterion is identical to

the same.

rate of the chemicel reaction and the velocity of molecular

diffusion. By analogy with the DaI -criterion the DaII cri-

terion. can be treated also by use of other quantities, as
this has been shown above. -

Damkohler Griterion III
Ut B .
Dﬂm" “’—'—:wit v o A (3

where q = tFermal effect of the reaction in kcal/k m81e~"
= heat capacity at constant pressure in: kkcalAkg)( c),

= specific weight of the medium in kg/m’; At = charac-
teristic temperature difference, which can be considered
as, for example, the difference in temperature between the
reactor wall and the center 6f the flow, or the change in
temperature along the length of the reactor.

. As. follows from ratio (3), the Damkbhler criterion
11T is expressed as the ratio between the émount of heat ‘
released -as a result of the reaction and’ the amount of
heat transported by the flow.p_;jA

n,,,‘.,.lz.f*.. | :;_3 R ¢-)
AM;,,'€D : o o ‘

y discovered by Matz(®,

. The DaII criterion represents the ratio between the‘
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Damkohler Oriterion IV ST

; oo P ‘
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.where A w $hermal 8onductiv1ty of the reection mixture o

'in kkeal/(m)(hour)( ‘
i The Damk8hler criterion IV can be expreseed the

iratio between the amount of héat releéased as & result of
'the reaction and. the amount bt hest trensported due to

‘thermal conductivity.

: Criterion of Equilibriumness or criterion of
e o Quasisteticity(i)

N SRR . , " AN . oo . ,": . ‘. o :‘ i
i _ I _ - U.‘ *n‘::ch . ) : S T

wbere kl and k2 - corresponding forward and reverse reac- ,.
=tion rate constents° UB and UB2 - corresponding torward
; 1

-Qend reverse reaction ratesy cBl end’ cB2 - concentrations §
iof ‘the reection ‘products Bl’ 32, PRPS cAl and cA - con- .

‘ 2
Zcentrations of the starting components A and As; 81 ond %2

|- stoichiometric coefficients of the reaction products; :
;c:l and ¢2 = stoicbiometric coefﬂcienta of the components

| - The eriterion of eguilibriunness can be expressed
{as the ratio between the nternal rates of the chemical
xreection, that is, between the retes of the forward end
. the reverse reaction. o ' : ;

f R - criterion,ot COntect

A

xo—o-'-l—kn""" A : (6)

Twhere 1’- residence time of the reaction mixturc in the
_reactor; &% = the total of the stoichiometric coefficients
‘on the right-hend gside of the kinetic equation.. -
: The criterion of contact is expressed &s the ratio
between one of the internal rates of the reaction and the
‘net resction rate.



“For an irreversible reaction, wheh the reverse | .
resction ie practically equal to 2ero, the contact eriter-

ion coincides with the DaI critgrion, which we can arrive
at by employing in the Da; criterion, instead of the reac-

tion rate U, its expression in terms of the reactant con-
centrations. e R
It has also beenh suggésted that the dimensionless |~

.-

S .

équilibrium constant be employed as a criterion. ¢
R A SRR R

R AVEPTEPIETE

"\ Arrhenius Criterion(3,8)

B

B T VTLY -2 T T '
B et RPN LU S £
e Co o P S B

3 PR
H N

where“ET%féﬁéééjVfoQCtiVétibn;"énd'ﬁ’i;gasycdﬁstantg-L¢‘“§5:
The Ar eriterion is expressed as a ratio betweer ' ‘o

the energy of activation and the internal energy of the - ' ..

system. P Vo 4y T ,

[ N P Y

Criterdon of Radfstion () i

. b
R Lo B . i
. i

{ BRI . I (8)
i Y 7 L S !
. S |
D = s
!

gwhere-607§ cénéténﬁfinitﬁgispéfahASbitzmanh}r&éiatioﬁsi?; _
' equation; e = emission coefficient in the‘same'gquafiaﬁ;““'”“
jTl and T, = corresponding temperatures of the more end

' the less heated surfacesy vt ;o0 e Ly P
.-~ Criteria (8) and (9) are obtained not from the fund- '
gamentalbsystem‘of-aifferential equations but from the . | .
. Stefan-Boltzmann equation and must be employed when the
' reaction occurs at a sufficiently high temperature that .
‘it is necessdry to calculate for the heat transferred by . .
~radiation. a U
¥ Criterion of radiastion (9) can be expressed as a
'patio between the quantity of heat released due to the .| .
reaction and the quantity of heat transported &ue to rad-

s

jastion, end secondly, as the ratio between the ‘temperatures
. of the radiating surfaces. - L
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" Criterion of Hydrodynamic AcceYeration(8): '

‘where AV = incregse in volume occurring in the qo'uree"' of

. the reaction in m’/kg mole.

The eriterion of hydrodynamic theleratidn“K‘icnn':

‘be expressed as & ratio between the volume of the reaction

‘mixture which passes through the reactor in a unit of time
‘and a change in the ‘volume due to the chemical reaction.
‘The criterion thkes into account the acceleratioh of motion

of the reaction mixture in the reactor which results from
the progress of the chemical reaction. Both the radistion
criterion. eand the criterion of hydrodynamic acceleration

-are involved in the number of criteria specified in the -

situation of the occurring reaction. , . 4
Still other criteria may be employed which take

“into consideration the specifics of the environmental -
_conditions of the ongoing reaction. = o

Generalized Heat Criterion

Re=L= o (11)

'where qes = heat flow thrpuéh”aaunit of heat-exchanging
‘surface in keal/(m®)(hour).

, This criterion is expressed as the ratio of the
quantity of heat released due to the reaction and the
quantity of heat exiting or entering: through the lLeat-
exchanging surface. - cL R e
The expediency of introducing the Ko is conditioned .

by the fact that the heat flow per unit of heat-exchanging

surface,is independent of the variable which the experi-
menter mey vary independently from the scale. . ... : = .

- It 4s'not rare in the analyeis of chemical processes.
to employ criteria analogous to those examined earlier,

~ though somewhat modified appropriately to the processes .

under study. _ : PR
‘" Thus, the following criterion (2,10) has also been .
introduced I L T

-~

K =\ @, (T (00 . Lo - (12) .
° <D, ‘ — co
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;where k = nth order reaction rate constant, represented P

as a compiéx function of time (it is assumed that the temk
perature changes according to a determined manner). It .i~
is obvious that the criterion Ky c¢an be regarded as @ |

1

modified DaI, in which the chemical reaction rate, changihg .'
in time, is taken in the intégral form. - The representa- }

all cases where the propertiés of the chemical system are’
changing in time (or in spaceé; then the ;ntegration is i
carried out throughout the volume). TN \
, For the case of heterogenous chemical reaction th@
following criterion can be introduced; (11)
z
S | Lo | | .

. -Klr»x-‘_'..'%f;,‘_cft—-hlzﬁ~ 7b'z__:"""‘i(!%e, P’.) : o ' '(13)% N

i

where k' = rate constant of the heterogeneous chemical ‘i

!
% B ) ,-J/Nu If(Re,Pr)
I

;reaction occuring per unit surface of the phase boundary,s
;and Pr = (wl)/a*Re is the Prandtl eriterion, where a= /ch‘,

= coefficient of thermal diffusivity.

§ In the capacity of the linesr dimension in this

‘eriterion we can employ the thicknessﬂof the diffuqion
film, which is equal to S : e

i ‘It is not difflcult to see that the criteribn Knx
‘is a modification of the DaII criterion in which fOr 1.

ais employed and the reaction rate is considered per unit
'of surface at the phase boundary.
: . For the same type of modified criteria it is possi— A
‘ble to bring in the dimensionless multiplier @ , which is .
‘used in the calculation of absorption prOﬂesses (12) [

i
i
!
A
R R
N
il
A
b

s

X
o . : .%tghx .
T R *-‘OV}VD ,:f.} ;i S
‘where ' . . N - N ¢ 1) B

tion of the criteria in the integral form is expedient 1n’.'



" fhe expression (14) is obtained as & result -of the
combined solution of the diffusion equation and the kine-
tice equation for a first order reaction. The criterion
él#% can be conveniently lebeled as the Hatta criterion

Ha - :
~ However, it is not daifficult to show that the Hatta
eriterion has the same value functionally associlited with -
the DaII.criterion: | o ' - - .

i

3 ..L,..‘._@__,_!’_‘!x____ w5 _VOu - .
"“‘-"zgh'g, ghoVayD  tgh Yo/D' tgh VDay - (16)

L}

_ . Simplex cfiteria are often used es cpntrollingfi'_
.eriteria. We can indicate the following. in the capacity -
‘of such simplexes (3,6,13)" L |

e e
x=5 L ae

where oy = concentration at the reactor.inl'et;'cK = con- -

centration at the reactor outlet; ¢ = sctual concentration
achieved in the given reactor; and ¢* = equilidbrium con-
-ecentration. , : o

- 8implex (17) characterizes the ratio of the concen-
trations at the inlet and outlet of the reactor, whereas
simplex (18) charecterizes the relative product yield.

“Instead of the ratio of the concentrations, we can
utilize the ratio of any other physical properties (10)
which are cheracteristic of the system and which are re-

1ated to the concentrations. (For example, the ratio of
viscosities, densities, etc.) BSuch-a method of replacing
concentrations by physical properties can be utilized for
finding out the conditions controlling the process, its
regulation, and its automation. : : :

" Along with the above-enumerateéed gimilarity criteria
arising from the original system of differential equations,
we can include in the general criterion equations criteria
which characterize the hydrodynemic similarity Re = (W),
the thermal similerity criterion Pe = W1)/a, end the d4if-
fusion similarity criterion Pep wl

Pep = =5~ etc.

8
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" Then the general criterion equation for a chemical
i process acquires the form {fusl the casc of irreversib?
‘reacticns: : .
{ Y

D‘x"’f(bin- Day,, Dc,\',. Pe. Pe e Re, l(,-.;'. 3. (19)

e e ot s mam. i

; .
%where Ki = criteria specified by the situation of the on-
|

going proceds (cf equations tB) - {10Y). e e
We may also employ as:a determining criterion 1n~ ‘
,stead of the DaI eriterion, the aimplex-criteria (175 and“yi

(18)
The criterion equations in the case of reversible
reactions are repreéented in the following form:

23

*‘paéf(t(o'." Déy, oa‘,,;,' Da,‘vi‘*Pe. Pe " Re. Ky ool ,(.,20)
. r&f_e' ey . G . i o

" (The criterion Ar does not 1ncrease the number of criteria
.entering into the general criterﬂ:xequation since it char~

i

acterizes the change in the temperature value which has ! ..

; already been included in the criteria examined earlier.} v
: DBI""DQIV) ' : ";-f’ vt
- Bince in some criteris expressed in equations (19)
. and (20) some of the same parameters are found, then, ac-i
' cordingly, . the number of criteria can bhe diminished by ;
%combination of individual criteria. . f
f ‘For example, the criterion Dar; can be expressed as "

;the product DaI'PcA, that iS°”,

Ulwl Ul’ : }

un
\ Dl"t-—b"tbﬂlp '-mDﬂcD |
- the DaIII criterion -- as the product DaI -'g]ﬁf’ that é
is: S ' L.
L .4 qc Ut ge  _qul :
Dayyy = cp-rwAt""D'l'cp1-_At T oAt T cTe At*

The complex of the values of has been deterb

cyt
mined by ﬁ'yakonov(%) as the criterion establishing the -
prOportionality of he temperature and the concentration
démains.

- We_ designate this criterion in “the following way
[§ee Note

£
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..‘,[ﬁote;g ;n:several'atugie§ the criterion Ko has
‘been called the Boltzmann‘(Bo)'cfitéfion(iu);7 S
' . -'The DaIvac:ipggion may be pepresedfé@ as the pro- -
iduct DaffPr’KTigufhat iéif’fv »' P R :

L e o ULet g
- h.,pawu%-l-" ;..'Dvllpe.l(‘" - ;' . "p'f-‘“ .'-_‘b-‘? SR
. “Inssmuch as the criteria Pe and PeA "can be repre-
gented in the form of the products Re°Pr and Re‘Prg then
by dividing out the criteris Dajys Déppys and Dayy im: ‘the
Da; criterion, Kpy and Re can be put into the form of the -
transfdrﬁéd'éqdétions'(19)’and'(ZO):f ST
- (22)
| . S ©(23)
Xy .-cs--'(Dlx, Koo Pt. Pl". RE,‘K‘) ! S

and’ ~ :
Pa = ’(xo, Kw Pr, P.f" Re, Kl’ ’ o : .
v g){;--—c-.--'fd(o, K Pr. Prg, Re, Kp v SR

‘ e

N A TN Lo . : L
" In ‘the case of heterogeneous chémical processes
peveral criteria (for example, the criteria Re, Pr, and
Prp) can be repeated as many times as there are phases .- ',
participating in the process. ' . T
.. However, the presence of a large number of criteria
and consequently their physical values also, which enter
into the eriteria in equations (21) — (24) casplicates
the possibility of satisfying the constancy of all the

10
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controlling criteria.
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TABLE 1 (continuéd)

< .. 'Bquation of the resction kinetics i

. ““Resulting .| Rate offihe'< Rate of the
reaction rate | forward - ~ | - reverse :
X t resction rf:pactiOn .
—dety ] hgemele dgebebe .| =0 o
ot | 1 ' j,c?!’ - . Mclﬁ | '
. Ko;‘ncﬁ—i._g‘ e . .
~ " Age3$

.éﬁotet The éingieféfrbﬁ“indicateéfthéidehominator;
the double arrow -- the numerator./ R

For example, it ie impossible to sustain at the
same time the constancy of both Re and DaI'in‘thé”ﬁoael"
and in the prototype, since the linear velocity which fig-
ures in both these criteria is differently dependent on

. the linear dimension,which also enters into both these
criterfa, viz: under the conditions of preserving the
constancy of the DaI~criterion it follows that the criter-

jon varies inversely to the linear dimension. Hence, the .
direct modeling of chemicsl processes by producing & gen-
eral criterion equation is shown to be practically impos-
gible /See Note/. This. has led to the necessity for ap-
proximation modeling. The derivation of fundamental chem-
jcal criteria is represented as set forth in Table 1 (cf
~ page 685 /original paginatio§7). |

Note: The artificial decrease in catalyst activ-
ity in modeling of heterogeneous chemical processes (15)

12



| has no practical valuesy T E T
. .II. Approximation Modellrg

‘

7
o
o et i

The principles of appf°xiﬁﬁfi°h modeling sre de-

rived from tne“fadt”that'in’thefbriterionrequation-it is
necegsary to include only those criteria which are~relatghguh:

.

S _

o

- i'
t

treatment . of this problem has beén accomplished by D'ya- !

is necessary to inc¢lude only:such criteria ‘as relate to .

non-equilibrium or guasi-static stages of the process.. |

: -As B besultﬁof'separating‘put-the‘limiting'stagefj

'in the general criterion eduation the incompatible eriterds

(for example, Da; and Re) disappedt; which mekes it pos- L
]

! sible in principle tb search for the functional relation-
. ship between the criteria. b Lol e

% The mein possibility for isolating the limiting
- stage is predicated on the fact that in many cases the

| complicated process consists of several consecutively oc-
gcurring'Stagész“ﬁmhe;slowestvof guch‘Stages“is,glsg*the*;vv”f
1 1imiting one. : DT
1 In the field of chemical reaction kinetics, where’
{ the reactions are complicated by processes of heat- snd |
'mass-exchange it is convenient to distinguish (16) reac- |

' tions that occur in the kinetic region, when the limiting
istage is the same as the chemical change; reactions occur~ ’
‘ping in the diffusion region when the limiting stage is

' the aiffusion of the reactents to the rzaction zone; and 4
* i of course, reactions occuring in the diffusion-kinetic '
‘region, when the rates of diffusion and chemical change
'are commensurate. This is a most difficult example for
'modeling. The processes.of heat-exchange within the sys-
' tem occur simultaneously with processes of chemical change
.and therefore cannot be determined., .. .. .. B
‘ . We will indicate methods of determining the limit- .
ing stégés“(;%,lg); ST S L A
- 1. Determination ofktheStemperagu:efcoeffiCient L
. for the total process rate. If by a 10~ change in temper-
ature the total process rate varies by 2-3 times (as fol-
jows from the Arrhenius law), then the limiting stage in
that of chemicel change. If changing the temperature by
100 results in a change in the total process rate of 1.3
times, then the limiting stage is one 6f mass-~exchange.

For intermediate instances the reaction occurs in the 4dif=-
fusion-kinetic region. o

PRSI

S +

5. 2. Determination of the spparent order of the re- -
action. (If this is different from unity, ‘then the limit~ '
ing stage of the process is that of chemical change. ~: .-

13

to the slowest stage of the process. The thermodynamic | . .

konoy (3), who states that im’the criterion equations it | .



However, if the order of the reaction’is equal to unity,
the question of ‘the limiting stage remaing an open one,
since the process of mass-exchange depends on the concen-
tration mlso ‘in the first degree. . S _
~ 3.. Determination of the dependence of the total
procéss rate on the hydrodynamic conditions of ite pro-
SI‘eSS."“‘- ‘ , ‘ o ‘ ‘ .
- 1f ‘the process rate does not ‘depend on the hydro- -
dynamic é¢onditions of its progress,.then the limiting -
stege is that of chemical change, but if it is dependent,
then the limiting stage is either the mass-exchange pro- -
cess, or simultaneously the masss~exchange process and the
process of chemicel chenge (that is, the reaction occurs

in the diffusion-kinetic¢ region). . -~ = . |
1. Modeling of procésses occqrring‘iﬂ the kinetic
+ . reglion - o

. ihfthé'dasé of a process occurring in the kinetic .
region the criterion equation involves only chemical cri-

teria in which equations (22) = (25) are expressed ip'the;: ’

" following form: .

‘For ‘irreversible chemical reactions

.

(26) L

%¥ﬂvmn'
' ) “
or . . .
X, === = { (Da))
, X . .

@en
' " "“ppe patio of concentrations, ge has been siready
noted above, can be replaced by & ratio of the physical
properties of the system.

. "For reversible chemical reactions éguations'(24)
end (25) are expressed in the form: Tl

o (28)
i Xy fKO) T K29
For the generalization of experimental'daté on

chemical reactions with unknown mechanisms,’ occurrin in
the kinetic region, two methods have been suggested 3.

14



Ome of these consists of drawing a graph on the basis of

eexperiméntaltdata,wusing,the coordinates Pa and «x (where

. «te contact time. of the resction mixture). ‘Here”theTex-w%f - -
§perimental=data‘related-to the various temperatures“gnd»ug'-*~"

1

!pressures ‘lies on completely determinable curves, = Ve
; The search for the functional relationship of = i -

‘Pa = f(Xo) is eguivalent to a combination of all thf‘fhﬁ'?

| eurves into one curve. Considering that Ko = kc®¥ 1.7,

‘k = fl(T)g and assuming that the reaction occurs in ‘the " |-

%gaseous,phaéé;'tpat‘ig,,é = ta(p),‘i§ is possible to find:W .
'out the energy of activation eand the order o6f the reversée -
.reaction by varying the distancéfbetween.these”curves.: T
'With thése values we cen find the criterion Ko ‘and “derive ~
.graphically the ‘dependence Pa = f(Ko), that is, 'to combine’ .-
‘all curves into one.-. . B R RSP

1 AniAnother»methodto£ généra1izati6n conéists of sééréh;\ f"

. ing for & functional relationship between the reaction . i@ .-
;rate and ‘the thermodynamic potential used in this method i~
in the capacity of the driving force, that is, in the ex-' -~
;perimentall . established dependency having the form: i .
u = kf(Z/ng, where k* = coefficient in dimensions -of the!' .

‘peaction rate. ' In many cases this coefficient can be taken -

‘88 constant. &/RT is the analog of the Arrhenius criter-’' -

‘don; 2 = thermodynamic potential, . LR R
* ‘From equations (26) — (29)‘it'follows‘that~in'thé‘?

'case of & process occurring in the purely kinetic region :

the'proceSS'does.not depend on the geometric form 'and di-v“f'

. mensions of the sytem, under the conditions that the resi-
dence time in the reactor remains relatively constant, . - .
Shat is; the equality 1/w = constant is preserved. ‘{rhis
conclusion, however, loses its force if a chain resction .
,occﬁrs;'if'therexcitation or the rupture of the ‘chain in :
‘the reaction takes place on the reactor walls, and also ' .-
if the chemical change is accompanied by the release of a -
considerable amount of heat.) SR P ek
: ;'g‘ﬂThe“effect:of the heat-exchange on a réaction oc- = -
curring in the kipetic region can be calculated by intro- -

ducing the criterion Kqoy and the criterion Kﬁ;”which;:e-w

gulte in e criterion equation for the kinetic régibn,’tak;fn
ing the form: . it o o
o : (Da';‘l(:l(,)'-(i'ﬂ;‘?”‘,f L U
) ”Aé“ﬁbted‘above, the heat-exchange cannot befisoiéféd
in”the“limiting,atage.;.Because>of'this,~in going from one
scale to another for the case of a very vigorously exo- .
thermi¢ reaction (in avoiding complications due to the «
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formation of a temperature profile in the reactor)- there
is usually employed in the cepacity of a model one of tue
elements of the larger reactor, if the reactor consists
of seversl elements (for example, in the case of a reactor .
consisting of a system of tubes packed with catalyst, one |
of these tubes can be teken as such an element).

, In spite of the fact that in modeling chemical pro-
cesses occurring in the kinetic region it is not '‘necessary
"to set sside geometrical pimilarity,still in a number of
ceses these procésses still tend, for technological rea-
sons, to preserve this kind of similarity (for example, '
in modeling mixers (12) ). ° o ,, '

. In carrying out reactions releasing or gbsorbing

a8 large amount of heat, which reactions occur in geometri-
celly similar apparatus, the complication arises involving
the fact that with an increase in the reactor dimensions,
while préserving geometrical similarity, the ratio of the
heat-exchange surface to its volume is decreased, which
indicetes that the conditions for the intake and the outgo
of heat are deteriorated. For accomplishing spproximation
modeling in such cases it has been recommended (7) to
artificially the value of the heat flow per unit of heat-
exchanging surface in the model reactor by means of adia-
batizing the reactor. This cen be achieved through build-
ing the insulation layer at the heat-exchanging surface
in the laboratory reactor or by introduction of supple-
mentary heating. Such a method makes it possible, in spite
of the difference in values of the heat-exchanging surface
in the model compared to that in the prototype, to attain
this objective: that,per unit of time the same amount of
heat is supplied to both reactors per unit of volunme. :

... It is necessery to consider also yet another diffi-
culty which arises in modeling continuous-operation reac~
tors. -This difficulty lies in the fact that different
portions of the reaction mixture in many vessels which
are operating continuously reside in the reactor for dif-
_ferent lengths of time, that is, in such a reactor a def-
inite distribution of residence times will be established.
This affects the course of the reaction with an especially
strong negative effect when the basic chemical reaction
is complicated with similar reactions occurring successively.
Thus, in modeling continuous chemical processes for pro=-
duction in the model and in the prototype, both having
similar yields, it 1is necessary to satisfy the equality
of the residence time distributions.

.-, » In the study of heterogeneous chemical reactions
(the determination of reaction mechanism, the determina-
tion of optimal temperature conditions for conducting the
reaction, etc.) it is important to develop in the labora- '

e
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'tory apparatus such conditions which would preclude or

-reduce to the minimun diffusion resistence, that is, the R

. reaction would proceed in the kinetic region. In achiev-
‘ing this it is very .importent to evaluate as fully as pos~

" jple the diffusion resistence and, consequently, as pre- b

icisely as possible the experimental data in the determina«
jtion of the reaction rate. S
3 The application of theé principle of similarity mekes
it possible to utilize the followirig methods (20). The -1 .
'dependence of the resulting'téactipn‘raté!!ﬂon'Eherweight"d_
veloecity of the flow G under condition thaf the residence.
;time.in,the_regction‘zOne is constent;can be determined. |
?[gee‘NOté7f'”‘*' B T N
- [Fote: - Satisfying the preceding condition is tanta- -
'mount to recognizing that simulteneously with an increase’ -
'in the weight velocity the height of the catslyst layer B
'is increased by the same pumber of times#% S
iy As follows from the preceding the kinetlic region
must correspond to that portion of the U, = £(G) curve,

‘where Ur becomes:constént‘anh does not depend, or depends?i;
‘very slightly, on further increase in G. - In the latter
case we can evaluate a portionh "of the diffusion resistance

‘in the following manner.  Equating U, to the quantity of

‘substance sransferred through the'diffusidnwléyérQTwe”oﬁéf’ﬁ?
U mbFates .. (LI

where Ur = reaction rate,»expressed in terms of the'numbet

“of reafranging moles of componéht“A oceurring per unit time
and per unit catalyst mass; kp = coefficient of mass trans-

fer in the gaséous phase; Fg c_surféée“per‘gﬁiti@étélyst A
mess; and APA « difference between partial pressures of

component 4 in the diffusion layer. .~ .
On the other hand, the coefficient of mass transfer
kv_f;gures*in'» the generalizeﬁ_equatiqn_of‘thltpn end

Colburn(2l), modified appropriately to heterogeneous reac—
tions by Hougen(20): - e e

B e T o

. . . et .
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Solving _‘s'imult'aheous"ly eéﬁétién (31) and (32) for ApA/p A
we obtain: . - . IR S |
P oot ) I - B o
. Bpy 1 !Z Ernn-' B A ﬂ DU
Pa 2:( PARF g )(PDM) ( p ) - . £33)
In the‘ equations set forth above: p « total ’p’x‘é‘s'sur;e;‘ |
Py = partisl pressure of component Aj ,Mm = gverage mole-

cular weight of the flowing gas; jLand ¢ = dynamic viscos-
ity end dengity of the flowing gsas, respectively} j
DAm .= average coefficient'of the diffusion component A in

t aseous phase; 8, = ‘proportionality coefficient;
= modified criterion Re; end Fp = surface of a ai’h- .
gle catalyst particle. ' I
The first of the criteria on the right-hand side
of equation (33) is e modified DaI criterion. ' .
_"In sctuslity: '
0 E : . pA,p- c‘V-i;nl, ‘ N ‘
Gvhere ¢! = co,ncﬂeyntration in moles) memv‘(v is expressed
in m/sec) has a certaineconditidnal velgcity, since M is
in k@ (secym® and Fm e m“Akg massy = n°m . -

' kg force sec2
In such a feshion equation (33) can take the form:

4¢ _ 1 pepritre |
€ . " | ()

where the values of & and n depend on the Re criterion.
The values‘ of a end n are shown as follows:

when Re > 620, a8, = 1.25, n = 0.41 '

~ Onm ‘the basis of equation (33), and that "d‘e‘ri"ved' |
from it 55 equation (34) -~ & graph is plotted in coorfdin-‘
ates of =—2- = —1-Da pr2/3. fThe Re number is brought in
as a parameter. By doing this, for each value of Re Wwe
obtain lines drawn from the origin at different angles.
Choosing the limits of precision to which the actual
chenical reaction rate must be determined and the difference

8



}APA/PA corresponding to 1% 1n the’ diffusicn layer, we

find the correSpondin velocity of the flows at a giveu ;; -
. value, of the complex %1Da Pr , Thus, for example, 1f 2, B

in the given study it 1s permissible that the value of the S
‘reaction rate, ‘teking into consideration the diffusion e~
.sistancey Yies within the 1imits of preoision up ‘to 10. %,

‘we take: ApA/p = 0.1, and if the precision mist 1ie within

'11 mit‘s’ up to 1 %, then the correspondlng A.pA/pA = 0. 01. , S

‘In an analogous fashion we can evaluate the temperature
gradients in- the boundary 1ayer._$“ S g

2. Modeling processes Occurring 1n the diffusion ff'?
'~“u” region ‘,&c.‘ . o ‘ , .§n{;

: In this case the criterion equations (22) and (23)
- take on the form'

~f<Re-Pr> (35)
| Here we can employ also the simplexes Xl snd X2 as

'determining crlterion S e
. The modeling of. processes occurring in the diffusion
region results therefore'in the utilization of the well- " =
known criteria of physical similarity and will not be in-"w
zvestigated here. A e : S

!

3 Modeling processes occurring in the diffusion—ii‘*
kinetio region , A {}
Included in these processes, in the first place,- et
are heterogenous cheénical processes, . == processes of cata-‘“
lysis and of absorption accompanying the chemical reaction.
Here, due to the incompatibility of the criteria -
Day ‘and Re, which enter in equations (22) and (23) the '

principal difficulty arises when employing these equations
for modeling. This difficulty makes more imperative the
need to take into account the resistances in each phase,
by means of’ introducing criteris for each phase. However,
this difficulty may be avoided.. :

Usually ‘the same catalyst is employed both in the *
model and in the prototype (with identical granulometric ,
composition) or the same dessicant. - For this reason, the -
volune eélements formed by adjoining catalyst grains or
dessicant are identical in the model and in the grototype.*i
However, in this regard it should not be’ oveérlooked that
for ‘small values of the ratio d /do (diameter of apparatus:
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a, to the grain diameter do) it ie necessary to consider
wall effects. This permits an immediate transfer of re- .
gults obtained in the model over to the prototype, if con-
ditions of carrying out the expériments (load per ¢ross- . .
section of the apparatus, temperature concentration, etct)‘~‘-
are Xept constant and if]da/do is sufficiently large.

: _If the reaction-is acconpanied by the release of
' lerge quantities of héat, the reactor must be divided into
_elementary reactors of small dismeter in order to increase
.the ratio of the external heat-exchanging surface of the -
reactor to its volume and thereby obviate the possiblility
of insufficiently high temperatures developing inside the
reactor. Usually in such cases a reactor is used which
consists of a system of small diameter tubes. The diameter
is chosen from a calculation of the production of the per-
.missible difference in temperatures between the heart of
- . the flow inside the tube and its walls, corresponding to -
the production of maximum yield(22). . - ‘
In modeling it is necessary to teke into account
also the previously expressed consideration concemed with
the basis for employing equation (30). : .

.. At the present time in determining the resulting
reaction rate, which reaction occurs in the diffusion-
kinetic reglon, equations are used that are analogous to
those employed = for the eslculation of the processes of
simple mass-transfer uncomplicated by chemical reaction,
that is, the resulting kinetic coefficient is determined
gs the reciprocal value of the sum of the resistances in
each of the pheses. Here the jndividual coefficients of
mass-transfer for each phase can be determined from the
corresponding criterion equations for these phasés.

~_ .Hence, in the case of & heterogeneous chemical reac~
tion, the resiilting reaction rate can be calculated from =
the equation(23): o , o

‘ ; O‘—k.cr- 1 C 1 *Cp s . o . (36)

nt T ey
where: k; = effective rate constant of the heterogeneous
chemical reaction; Cp ‘= concentration of the chemically
active component in the gaseous phase; ko = coefficient
of mass-tranéfér in the;éaSeoﬁé phése; end C/doj-‘ratio

of the volumé of the ‘catalyst grain to its external sur-
face, For spherical greins C = 6; k' = rate constant of

20



[
.

¢ c——— e

a reactionfoccurring,pen,liém?:Qf”ﬁﬂéfggégii;;%;IQQfméﬂéz3.
gface;“Fovw totaljsurfacenpf}1;g p£ cata}yst;ﬁex'é'apparEnt

of the porous catalyst mass; P « coefficient of the 'de’gr:i'
of utilization dgftbe’éépalyst=aurtace,thking,intbiaéco ’
the drop in concéntrations of the corresponding componént'
inside theé pores of the ¢atalyst. . - B P T AT
‘ For a very rapid reaction, this occurs almost ex- i .
clusively on the external surface of the catalyst grains,. . -
and in that case $—>» O. For & very slow reaction, ;hié ,
involves the entire surface pf the catalyst grains, includ-
ing the surface of the inter; al pores, in which case Y= 1.

b - Thus, in equation (36) the value of ‘*18 always z
i

H
1

less than 1. 7 . .. S : R
| ;The‘becbndjipam*in'the'denominator takes into accotnt .
‘along with purely chemical resistance the diffusion résist-
'anée ingide the pores of the catelyst grains. Several ‘stud-
ies(24) have calculated thé diffusion resistarice inside the

t E:\

Epores‘separaﬁely,fromthe“chémical resistance. - In sach ‘& .

§caseg§bé.denOminétd:*iﬁclﬁdés three items. Such a form of .-
‘the equation is less corvenient for practical usé. .. =
; - Similar equations are employed in calculating for !
4absorption’prdcesses“(gzggé)*that'accompany‘cpemidalyreac+* -
|tions, and also for processes“or-heterogenanmlbéﬁglysiguiﬁ,'f
‘the 1iquid phase(24). ‘ A A
: " For the caSe of a slow irreversible first-order chem-
‘{eal reasction occurring in the liquid phase volume, the

;fbllowipghequation(gz) has been proposed: , R

‘where H = Henry's constant; ke « totsl mass-transfer coef-

‘ficient for mass transferred into the gaseous phase; and *
'py = partial pressure of absorbent ih the liquid phase

voliie. , RO '

| Tt is necessary to note that in absorption processes
accompanying chemical reactions in the presence of processes
of heterogeneouS’catalysis,rthefchemical resction occurs .
'as a rule not ‘on the surface of the phase boundary, but in
the zone';dﬁoining”thiS'surrace,'which bhas & finite thick- -
ness. .Therefore the process of chemical change end the .
process of diffusion in the liquid phase proceed rot ‘suc-
cessively but simultaneously, which leads to a continucus’
decrease in the diffusion flow of the absorbing component . -
to ‘the extent of 1its passage through the diffusion layer
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R T T P,
in the liquid phase. This eircumstance also leads-to & -
certain complication in the form of equation (37) in com-
parigon with equation (36), ~ = L oo oo Lo o,

"~ "1t has been suggested that the eriterion Ha be em- '
ployed;also,“for'thé“balcglation of absorption processes’’'' '
accompanying reactions of the second and higher orders e

'XIITI. Bcale Equations’ S

A consequence 6f the use of principles of'a'gibxi-‘i”-f,
mation modeling are the so&called scale equations ?_,2,;&,»~’5

29,30). By S
=274 mhe ecale equations are obtained by equating pair- "
wise criteria which characterize the environment of the -
ongoing process, in the quel'and'in.the_protdtype,*and‘ A
an elimination in these criteria of the physical constants -
that remsin constent in the model and in the prototype.. .
“We sét forth the dérivation of the sca e equation '
for the chemical process that occurs in the kinetic region
and which is complicated by heat-exchange. As has been - !
indiceted ebove, the general criterion equation for such
.8 process can’ be set forth in the form: e T

‘ . H(Da Ky K)e=0 , o - (30)
To preserve the similarity of the limiting stage

in the model and in the prototype requires the preserva-
tion of the constancy of ell .criteria which characterize
this stage. To obtain the scale equations let us equate
‘peir-wise for the model and for the prototype all the cri-
teria entering into equation (30):

B .

, '/.. L (Day),, = (Déxyn ' ST : o . | . 3,('3‘88');'. !
' ‘l-j-.-'-'-'-‘- ¢=“. U"l" . o ’ U v.’ T ‘ .
[ . } ‘ cuwu .;u;;: ’ | | . . | (58b)

where the indexes M and jndicete, respectively, that the ..
giVen”values'refer‘to the model and to the prototype. R
. Fliminating the physical~constants, and considering -
that ‘the concentrations (for example, initial or final) - '
remein unchanged in the model and in the prototype, we
obtain for the criterion Daj: : S ‘

,N -’_I_ﬂ__ v
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- F¥rom the equation obteined it follows that in the

model and in the prototype the residence time must be iden-

tical . ) ew . : ‘.
For the criterion K, = we obtain:

- T qcrp |

o _ G b
Wy '(%1)“ ‘ Iy (40)

The criterion KTK~-”%a$%¥—“:inbiudes only physiéal

constants and therefore it ylields no new ratios.

- - In an snalogous fashion we can produce scale dqua-
tions for other limiting Btages. Thus, in the case of the
heterogeneous chemical reaction ogcurring in the purely -
kinetié fegion, there enter into the criterion of the scale
equation: the catalyst activity & and the velyme velocity -
s (1/sec). For this case we have: R

: . k'f( M1 k, ('C;)dn. o N
 (On)a= (OH)e wm _.‘1_5:!__ J"‘u;:"" o (1)

Where k' = rate constant of the heterogeneous chem-
jecal reaction occurring per unit catalyst surface.

T Introducing the volume velocity & (1/sec), we ob-'"’

tain: :
. . KD e, ;Mk;l(c,,)a,, .
B N T o ,“.(42_)
L ;"11‘." : . X R b. Co CM ~
where d, = diameter of the catslyst grain when gee =1

| an¢ when (dB)M‘g (daﬁl;(th9x8£ze pf‘the granules are taken
as constant since the change in gramile dimension,'as a
rule, is related to catalyst activity), we obtain: *

<

&a%ﬁﬁ d' .{\U. g -vaé);@

that is the volume velocity in the model end . in the proto-
type must be equal; it has been suggested also(30) that in
deriving the scale equation for the case of the chemical
reaction occurring in the kinetic ‘region, due to the need
to calculate for the heat-exchange it is necessary to em-
ploy the criterion Da;y in conjunction with the thermal

criterion Nu. We set forth the derivation of this equation
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aﬁﬁrop%iefely'fof‘a’homogeneous chemicai repatinn necurring
in & tubuler reactor. ' S
Equating: o

" (Do) - (Dapy e
Nu, Nu,

we obtain: -
‘ (NN - 'qnund:
HE L N L Mgdn Ny, AgBtNuy

(44)

Tt

where dy énd’qu='g5diémétérs of the tubular reactors em-
ployed, reSpéctivély;“Ibr‘the‘model?hnd'the prototype.
pAssuming that the quantity of product processed in the
prototyve is n times greater than that for the model, we

obtein the following relationship: . : L
| | | (45)

KRR nd'lw‘— d:}wn
rorr which: S
f - L, : | - o
do, | a (46)

" Considering elso the need to preserve the constancy
of the criteria Da; in the model &nd in the prototype, we
obtain: ’ :

T Uy Ushs
o (38b)

. - Considering, in addition, that the jdentical yields
in the model and in the prototype can be produced under

conditions of identical increases in temperature AT in’
both systems, then for a tubular reactor:

Ny = romt.ﬁe“' ( 47) .

From equation (44) we obtain:

A:‘»,“,um;' ‘_',\ “-5""":;' ) '( o o .

From equation.(BBb} it follows that &4 &

e gy wemem—

Tu o (39)
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.. .-:Bolving .simultaneously equations (45), (48), and
(39) we finally obtain: .. . . 7o

- (49)
Ay dyon® | ~
N ,i_ T (50)

’ (51)

i In éonelusion we will exbmine the derivation of
the stale equations for the case of a homogeneous chemical
peaction in the gaseous phase in a continuous-operation -
tubular  reactors. - .. oo v -
" In the derivation of scelé equations here it is °
necessary to take into account the fact that the pressure -
loss in the model and in the prototype must be equal, ¢
 esince in’the opposite case, in the reactor where the loes
of pressure will be greater, there takes place an incresse
in the flow of the gaseous mixture in the reac¢tion, as a ‘-
consequence of which the residence time in this reactor
is diminished. Neglecting the difference in pressure
losses is possible only in such cases when the totel pres-
sure in the system is large compared to pressure losses.
If we represent the friction coefficient of the gaseous

medium in the form of the equation: .

e : . n .
. - L) (K . R : ]
R oL ‘e ’ . ‘ . T [ I
B Y Voo ., H O . N ..
c ’ T e ' - R : JRE 52
H . P . . TR N
N \ . L ‘ - o ¢, R .
) -t A R t B “ I
,

7~
I

o i.gb;cgk-:-w’ - it e i
A=aRem =@ (5

¥

and considering that

ra that

| L e ()
~where Cq,.C5 39 and ¢, = °°Qs?ént8fg C - !

. . s PR '

.. ks a result ofﬁthe”simultahéoﬁé‘sdiutiénudf,GAﬁé;_j
tions (52) = (54) we obtain: . e e
o\ 65
, ST e e e e 1em a -' ’ .
R A ,"w(vﬂu)u < dn .—-m T .

Sl L -‘q[Eup?qript'gt"y‘fjaeg7 :
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" In & ‘turbulént motion regime we can equate m=0.16.
Introducing this velue into equations (52) and (53) we
obtain: '

L (4, \*" . _
il ) M (57)
Veerdn d.\34
Vel (Ef‘) . (58)

Therefore, the ratio of the dimensions of the model
and the prototype taken in a direction perpendicular to
the direction of the flow notion must be larger than the
ratio of the dimensions teken in'a direction porallel to
the flow axis. Consequently, the model tvbular reactor .
must heve the ratio of ites length to its diameter es &
larger value than that ‘for the prototype. For a laminer . .
regime of motion in both reactors, on the basis of the .. .
Foiseuille equation we can analogously proceed to ‘the fol- .
lowing scale equation:’ . o RN e .

d ‘ (er«)n ]115
fn— ~ o an— )

4, " LWl (59

Since the ratioc of the redctor lengths is equal to
the ratio of the resactor dismeters, in this case geometricsal
sinilarity must be preserved; since the ratio of the volume
expenditure is equal to the ratio of the cubed diameters
of the reactors, the volume expenditure must be proportional
to the reaction volume. - ! s )

. An-attempt hae‘been‘made(}_ﬁ) to model reactors on
geometriceal end regime parameters. The diameter. of the
epparatus dg and the linear velocity of the flow motion

w have been employed as fundemental parameters. These
parameters have been utilized in the form of the ratio of
the corresponding values in the model and in the prototype.
As supplenentary parameters, the ratio of which in-the -,
nodel 8nd in the prototype is expressed through & ratio

nf the fundamental parameters, there has been employed the
volume flow velocity Vsec,athe geometric simplex dall, the'

criterion Re, the criterion Da;, the drop in pressures Ap,

and the heat flow through the heat-exchanging surface ,
Rd e or j1/a,, where &= coefficient of heat output, and

j = heat-transfer factor. Here it 1s assumed that the

neight of the apparatus varies proportionally to the linear
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fiow velocity, that is, that the mean residence time in
the spparatus is kept constant. S ‘

" In Teble 2 the following des%gnations are employed:
ratio of diameters of the reactors =Y s ratic of reactor

o . . , : . M . ' ' %,
leng@:hg%ﬁ .y \ x;at;o qf the 1_1near y’eloeiities %’z s gnd

e

the ratio of volume velocities pyfSSs. « .. These ratios
have been called scale multipliers (cf Table 2).
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Cpesmmesnsth TepaNeTD | yuoirexs saappppet | xml | gepp | SVE | aeb

 d, amane o o P I B x x
I, pnnns S B A gAX?\ g -] B S I V2 4

. - ? - 2 . B/t X -4 MY
@VM-I'M . o xﬁz'» - -’ g X o T
! L L 4l ) x P
mpodfp U] a2 N 7/ 2 I R I FE

= Ayl = ¥t - éﬁ ] N

Y N7/

Ap gl W R | B | e | | e
wdla p(x2)™™ | ByseRe™ ‘| pAm s PRl x-
M | wx@xey® | MOR™ | BT PO I S 'S

4{2 &ohparatiﬁe'parAmeter;.2) scale'multipiier;.a)'diametef;v
: length; 5) velocity; 6) Vge.. 4 SR
“ " ohe pelationship between the scale multipliers
which charscterize the ratio between the fundamental pare-
meters is expressed in the equation: \ , L
CRTE S owes o (e0)
e Hencég by expressiﬂg the ratio of}onévdf the :uhda;”'
mental parameters in the model and in the prototype through
a ratio of other parameters, different scales can be Ob=
tained. Thus, when z = P, we have x = 1 (Teble 2, column
4), This case corresponds in practice to the preservation
of the constsancy of the djiemeters of the model sand the
prototype. o
-. “yhen z = X, we have 19@§(Table 2, column 5). This
case correspondsQto‘geometrical-similarity of the model
and the prototype, owing to the equality z/y = 1 énd y = X,
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thet is, the ratio of model end prototype lengths is equal
to the ratio of their diameters. . T e
. e AnBlOgOUBLY when z = 1 (Table 2, colunn 6) we have
x =1/E:‘"‘his refers to the equality of model and proto-
type -lengths when the ratio of the model and prototypé pro- "
ductivities is equsl t0 the ratio of their cross-sections.
“""0f course, z.= 1/x (Table 2,:column 7), we have as
a consequence X = P Thie cese corresponds to the case .
of the preservation of hydrodynamic similarity in the model
end in the prototype. Actually, the condition 2x = 1l in- . .
dicates that the ratio of the criterion Re in the model and
in the prototype is equal to 1 (since the physical constants
are neglected, then the ratio of the criteria are shown
to be equal to the product zx). ' In Table 2 scele relstion-
ghips ere displayed, which are shown to be expressed &s
the ratio of suppleméntary“parameters‘1n the model and in
the prototype through g2 relationship of the fundarental
parameters“for each of four previously examined examples.
This attempt is a modified method of using scale equations.
For the particular case of ‘the heterogenéous cata-
lytic reaction occurring in the gaseous phage over a fixed
entalyst layer we can obtain the following kinetic equa- "

tion(6): L (6{)

- V“,(dy-;-Uh‘(i-.-ydeA . IR
where y = extent of change; dF = element of catelyst sur-
fece; and Uy = rate of chemical reaction expressed in

units of flow velocity.

.~ Equation (61) permits us to relate the size of the
apparatus to the chemical~reaction rate and to the extent

of change. : - . . ' :

. This equation is valid under the following assump-
tions: the chemical-resction rate U, 18 constant throughout

the entire length (height) of the apparatus, the quantity

of transforming substance varies along the length of the

. actuel composition in & given cross-section of the appara-
tus end that theoretically possible, and the first-order

reaction occurs without volume change. . "~ o e

SR Y- | result‘of‘integrating equation (61) we obtain:

S U Ve o o

togme ‘ N G

| Equétion (62) tar be set forth in the form of the
$ollowing relation between terus of the dimensionless
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complexes:  ‘: .?  R O R R
A A=W S (e

where A,='7571n(1ﬁ?.y) is the criterion which indicates’
the extent of change tor'a,given.vaiue of :the utilized
portion of the catalyst surface. S )

. It is apparent that in its physicel concept this
criterion iSFequivalent,to the concentration simplex X1
or the relative yield simpleé¥ Xje " . o o g

' 'The criterion I"= 4/16 "is the criterion of geome= "
trical bBimilarity for the catalyst surface, It is equiva-
jent in its physical concept to the critérion of geometri- -
cal similarity. ‘ - IR [RSEEN

- -The criterion W = w/Uk is the criterion of kinetic "

similarity equivelent in its physical concept to the eri-
terion Da., which has been already noted ebove (cf page
680) foriginal paginstion; pp 2,3 in trenslation/. In the
equations set forth above €= utilized portion of the cata--
lyst surface; @ = specific surface of the catalyst; end
w = linear fiow velocity. L T

It is necessary to note, bhowever, that the applicta-
bility of the criterion equation (63) is limited by the
limits that were set down in the ‘derivation of the original
kinetic equation. Moreover, it is assumed here, evidently,
that the reaction takes plece in the kinetic region, and
consequently, that the process of mass-exchange does not
nave a retarding influence on the reaction. - - .- ...

The analogous equation for the case of a first-order
homogeneous reaction has been set forth by Pozin(3l) in
deriving an equation for the determination of the effici-
ency of the chemical apparatus (for the latter Pozin took
the degree of  approximation to the theoretically possible
results that was achieved in the apparatus). -The Pozin

equation 18 of the following fo:m‘for‘thisncaggg L s

.'c ”k‘ﬂ/‘,}ccxi L A’. : . o ," " (64) ” ‘

N f N S R . - LI
S o e f—

where 7 = efficiency of the chemical apparatus; f = cross-

gection of the flow (spparatus); and 1 = flow length. =
S From en examinetion of equations (62) and 64) it

is possible to set up their analog, since the efficlency

of the spparatus for the case of a first-order chemical

. peaction, a8 is clear from its determination, is identical

to the degree of conversion since both equations coincide

in concept. They relate the dimensibns.of-theuapparatus],

to the flow velocity and the degree of conversion. However,
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“4n utilizing the equations 1t is important to keep in mind
that both equations do not take into account neither the

complication due to heat- and mass-exchange nor the dis-
_tribut;pn‘pf residence times in the apparatus. .

"'IV. Some Particular Examples of the Practical |
- .Use of the Principle'of Similarity o

1 Exanplés of the practicel use of the principle of |
‘gimilarity for chemical processes occurring in the kinetic
region has been described in a monograph by D'yakonov( Yoo o
‘Thus, ‘as a result of the generalization: of experimental =
.deta in the synthesis of ammonis at various temperatures
the following criterion equation has been obtained: P

4

e, S
B ,va'i(i:-l::(o )‘I L Co (65) .

where b = constant. < . . oo 0]
.- In generalizing experimental data in the synthesis.
of emmonia at various temperatures snd pressures the follow-~

ing eguation has been obtained: - . SR o

‘' In an enslogous fashion from the generalization of |
experimental data for the oxidation of sulfur gas at var-!
. ious temperatures the folloving equation has been derived:

X ‘ S o B : L

i

!

. S
P

. K - T ey

: With the aid ‘of equation (67) it has been possible
to combine isotherms of the so-called Knitch diagram into !
a single curve which describes this equation.. - e
..~ In the generalization of experimental data in the
thermal decomposition of sslts and oxides of calcium and §
cadmium(30) it has been shown that all processes of thermal
decomposition of these oxides and salts are subsumed in the
eriterion equation: . ‘ o e T .
S B i ’ i . . ! N 1 . . ’ ’
Bm-m (6

'
Sy i

0 T In generalizing experimental data for the pol&meriét
ation of vegetable oils (in the production of drying oil | -
(10)) &n equation of the form following has béen obtained::

R
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S BT Y7 S S (69

where @ = ratio of physical constants employed for the

control of the technological prbqess {v1scpsitieB,"densi-n,

ties, etc.).

These équétibhsuhavé been presented in‘graphié fbrm{é

Their practical use makes possible a significant improve--

‘ment in control of the course of the process and in the

avoiding of impediments in products. In addition, it has

given rise to a scheme of gutomation for this process,

baséd on the equation (69) being employed herein. L
As a result of the treatment of experimental data

in the propagation of flame in & tube filled with Yurning .

gases mixed ‘with verious inert gases, which differ signi--
ficantly one from enother by reason of ‘the diffusion coef-
ficients and the coefficients of thermal diffusivity, the.
following criterion equation has been obtained(32): =

) T ETE e

where w = flame propagstion velocity; & = coefficient of -
‘thermal diffusivity; and ¢y and ¢, « reactant concent?a-

tions (methane and oxygen). .This eQﬁation has been pre-

‘sented 'in a graphical form. .

1% iS'easy:tO'show'thatwihe«Crfféribn e Vis"

. w
the ratio Do * In actual fact: ‘ ‘ v S

Ay

-'-. akgcg’ ) a a ' .kngl Dﬂl . ;
.~ Phe criterion

examinedfearlier;E : :

Thus, & general criterion eiﬁation bﬁigbeléet‘forth l

cooLo

8150 in’ the following form: . - .

whérE x3“¥;¢1/c2;f6r‘in‘tﬁé‘mOre general form:
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A D/a is obviously the ratio of the - -
criteria Pe/Peg. The criteria remaining have been aslready
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S K X)=0 |
I @y Pe, Pey Koge X0 . (73

f In the generalization of experimental data for .chem-

ical reactions occurring in the diffusion region, for exam-
ple, in the absorption of ammonia by sulfuric acid, process-
‘es are described by equations of the form: R

T Y S ¢ F
‘where kdf-egkr ~= the tota}'coeff;ciént of mesc-transfer :
into the gaseous phase, and Apc - mean driving force in‘

‘the apparatus, expressed in units of partial pressure.

." ‘Here, as always, the mass-transfer coefficient 18
found from the corresponding criterion equation for phy-
‘gical ebsorption. : - . C S e
| In a recent study(33) generalized equations have
been obtained for physical sorption processes in drying '}
towers, teking into account the hydrodynamic condition of,
-the two-phase system: for easily soluble gases: !

“Nu- AREPAG D

for difficulty soluble gases: (75);

R
NARDBAGED (el
v s ‘\j )

where £ = factor of the hydrodynamic condition of the
two-phase system. The values of A, m, n end f depend on
thg 2ydrodynamic regime under which the two-phase system |
exists. : : ‘ B T P

. The common criterion equations of mass-transfer i
‘are utilized to determine the rates of chemical processes.’
existing in a system of solid body-gas. For example, witn
the 2id of the principle of similerity it has been shown !
(34) that the velocity of the combustion of carbon is deter-
mined by the supply velocity of oxygen through the externdl
diffusion layer in the gasseous phase. RO Lo b

r It is necessary.to emphasize that the diffusion -

eriterion equations can be employed also for the case of .
sbsorption accompanying a slow chemical reaction when the '
absorbing component proceeds without reacting, or only very
slightly reacting, through both diffueion layers (in the
gaseous and in the liquid phases), that is, whén the resac-
tion occurs mainly in the liquid phase volume. For such :

@& case the reaction influences only the value of the com-' °
pressibility of the vepor of the absorbing component in '
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the liquid phase volume, without changing the form.of the
equation. 4 number of such processes involve the absorp- -
tion of ethylformate by a solution of NaOH(25). T
As an example of the spplication of the principle :
‘of similarity to chemical processes occurring in the dif--
fusion~kinetic region, we can offer the criterion equation:

which equation was obtained in & treatment of the experi-
mental date in the sbsorption of carbon dioxide by an 1
alksli solution, end solutions of soda and of djethylamine
'(12,28). As an example of the partial use of the similer-
ity principle in the calculations of processes of hetero-
geneous catalysis, we can suggest the deaign of a contatt
tower for the production of phenol by utilization of the
Raschig method(22). For computing the diffusion resist+
‘ance it has been suggested here to utilize the method(20)
described above by the present suthors. A considerable .
number of examples of partial application of the similarity
principlée for chemical process calculations -~ for processes
occurring in the diffusion-kinetic region in quite diversi-
fied apparatus can be found also in other works( 8. . -
. ."As an example of the experimental confirmation of
the use of scale equations we can point to the work of .
Bretshneyder(ég), who experimentally verified the possi- .
bility of modeling reactors with the aid of scale equations.
The ‘experiments were conducted in two tubular reactors, .
whose dimensions were established in accordance with the == =
requirements arising from the scale equations for a pseudo-
homogeneous system which was represented by a suspension ;
‘of zinc dust in a sulfuric acid-dichromate solution. The =
productivities of both reactors were divided into five o
parts each. The scale equations (49) - (51), examined in
this present review, were used as the original equations,

' obtained under the condition of the preservation of ‘the

‘constancy of temperature increases in both. reactors. As a
result of the experiments conducted it was confirmed that
in sastisfying the geometrical ratios found from the scale -
equations, the ratios between the dimensions of the model
and the prototype and the flow velocities, the actual in-
crease in temperature in the prototype coincides with that .
set by the limite of error in the experiment. . . .
* In the controlling phenomenon of diffusion, that is,
for processes occurring in the diffusion region, conditions
have been formulated for modeling packing spparatus used
for systeéems of gas=-liquid, and vapor=liquid(39). This is
made possible by the fact that the regime of the point of
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phase inversion dipcovered in packingsleads to the simple
‘conclusion: 1) velocities in each tower cross-section;

2) pressure drop; and 3) distribution of liquid in the °

. tower. .. Thus, each layer -element of the peacking " - is
.replaced by a number of arranged leyer elements.

. . In treating the same systems in the model and in
'the objective, the modeling of packing towers results in f
‘the satisfying of the following conditions: . i
o ‘For the heights of the packing layer: ’ P

E o B ( O3

©

- “For the-téwer diameters:

2-(2)
Dy \&s
N o L . o b
‘. For the pressure drops: . o

.. ‘: : | o . %%’.‘(g: o.t(%‘)o.h | " N - (80) L

m(f“') ™

F,

where O = specific packing surfacé (packed condition) in .
m2/m3; and F, = free cross-section or the free packing
. . i . : . R |
.volume in m5/m3. . AR , :
- In a recent study(40) involving the use of equations
(75) and (76) conditions have been found for the mo eling:
‘of chemical processes. : S S
“"" The application of the principle of similarity to
chemical processes opens up the possibility of generaliz-
ing experimental data for chemical resctions occurring in.
‘the kinetic, the diffusion, and the daiffusion-kinetic re-!
gions. : o . o . !
""" In several instances, the principle of similarity !
has cpened up the possibility of modeling chemical process-
-es by use of scale equations end criterie presented in i
integrel form. - ‘ o : ]
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